Aims: To determine if mild hyperoxia induces senescence in retinal pigment epithelium (RPE) cells in vitro. Methods: RPE340 cells and WI38 cells were grown in 20% oxygen and 40% oxygen until proliferative exhaustion. A combined senescence associated β galactosidase (SABG) and 5-bromo-2′-deoxyuridine (BrdU) double labelling technique was performed at different times and labelled cells were counted. Results: Cells grown in 40% oxygen stopped proliferating at an earlier population doubling level than when grown in 20% oxygen. An increase in SABG positive cells and decrease of BrdU positive cells in 40% oxygen developed at an earlier time than when grown in 20% oxygen. Conclusion: Mild hyperoxia induces premature senescence in a specific RPE cell line.
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O xidative stress causes a number of changes to cellular components, which can alter the cell's phenotype. To investigate the mechanism by which oxidative stress changes cellular function, several in vitro models using chemical oxidants or hyperoxia have been established. [1] [2] [3] [4] Each oxidant, however, has different acute effects and, thus, the relevance to cells in vivo is open to speculation. 1 We have used mild hyperoxia to introduce low and chronic oxidative stress in retinal pigment epithelial (RPE) cells in vitro in an effort to simulate the environment of the RPE in vivo during ageing. We have found that 40% oxygen generates detectable oxidative stress and induces a modest change in the RPE phenotype with altered gene expression and genomic DNA damage. 2 5 In this study, we examined the induction of premature senescence in RPE cells with mild hyperoxia using senescent associated β galactosidase (SABG), a recognised biomarker of senescent cells in vitro [6] [7] [8] [9] [10] and in vivo. 11 
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MATERIALS AND METHODS
Cell culture
For this study, the RPE340 cell line which has been used in a number of oxidative stress and ageing related work, was used for all experiments. 2 9 10 13-15 The WI38 fibroblast cell line, whose senescent characteristics has been previously studied, was used as a reference cell line to make direct comparisons possible. 3 6 Both cell lines were maintained as previously described. 2 The oxygen tension was regulated at 20% or 40% oxygen in a three gas incubator (NuAire, Plymouth, MN, USA), and the oxygen concentration was verified as previously described. 2 Forty per cent oxygen was used to induce chronic, mild oxidative stress since this tension generates significant oxidative stress in both cell lines without inducing cell death. 2 For experiments, cells were grown in 75 cm 2 flasks at an initial seeding density of 10 000/cm 2 unless stated. Cells were passaged before reaching confluence to avoid contact inhibition. At each passage, cell number was counted using a Coulter counter Z1 (Coulter, Miami, FL, USA) and population doubling level (PDL) was determined as current PDL = last PDL + log 2 (collected cell number/seeded cell number). Combined senescence associated β galactosidase and 5-bromo-2′-deoxyuridine labelling assay The combined SABG and 5-bromo-2′-deoxyuridine (BrdU) labelling assay was performed as previously published to determine the proportion of SABG labelled and replicating cells. 10 Briefly, cells were seeded on eight well chamber slides at 20 000 cells/cm 2 and incubated under identical conditions as described above. Twenty four hours after seeding, cells were treated with 10 mM BrdU (Boehringer Mannheim, Indianapolis, IN, USA) and grown for 72 hours. Cells were fixed in 3% paraformaldehyde, stained with pH 6 X-gal solution (Promega, Madison, WI, USA) in 40 mM citric acid for 4 hours. Cells were fixed again with 70% ethanol in 50 mM glycine buffer (pH2), and labelled with BrdU monoclonal antibody according to the manufacturer's instructions. Cells were imaged with a light microscope (BH-2; Olympus Optical Co, Ltd, Tokyo, Japan) interfaced with a charge coupled device camera (ProgRes 3012; Kontron Electronik GmbH, Eching, Germany) and a computer using graphic software (Photoshop 5.0; Adobe, Mountain View, CA, USA). The percentage of positive staining cells was determined compared with the total number of cells in the same field under phase contrast microscopy. For each determination, approximately 200 cells were observed.
RESULTS
The proliferation of RPE340 and WI38 cells with PDL RPE340 cells cultured in 20% oxygen proliferated at a constant rate (0.53 PDL/day) until PDL 45, and gradually stopped dividing by PDL 58 (Fig 1A) . RPE340 cells (starting PDL 35, 45, and 52) displayed significantly shortened replicative lifespans and cell proliferation was inhibited by PDL 48, 51, and 53 respectively, when grown in 40% oxygen. This growth arrest was irreversible even after cells were returned to 20% oxygen incubation. For comparison, WI38 cells grown in 20% oxygen had constant proliferation (0.29 PDL/day) until PDL 38, and stopped proliferating by PDL 41 (Fig 1B) . Forty per cent of oxygen rapidly inhibited the proliferation of WI38 cells by PDL 37 and 39 when the treatment started at PDL 34 and 38, respectively.
SABG activity and BRDU incorporation in early PDL and late PDL cells RPE340 and WI38 cells at early PDL typically had small cell bodies, displayed strong BrdU immunoreactivity, and very few cells expressed SABG activity (Fig 2A, B) . Cells that stopped proliferating developed flat, large cell bodies with long processes and strong SABG activity (Fig 2C, D) . When cultured in 40% oxygen, both RPE340 and WI38 cells grown to replicative exhaustion showed SABG activity (Fig 2E, F) with morphological features of post-mitotic cells that are grown in 20% oxygen. Figure 3A shows a high number of BrdU positive and a low number of SABG labelled cells in both cell lines at early PDL when grown in 20% oxygen. With increasing PDL, the proportion of SABG positive cells increased and the number of BrdU labelled cells was dramatically reduced. Both cell lines grown in 40% oxygen that had ceased proliferation, showed a high proportion of SABG positive cells and a low number of BrdU positive cells. The increase of SABG positive cells and decrease of BrdU positive cells was linearly associated in both cell lines in 20% oxygen and 40% oxygen (Fig 3B) , which corresponds to the report of Dimri et al. 6 Moreover, the slope of fitting lines for 20% oxygen and 40% oxygen were nearly identical.
DISCUSSION
The data show a reduction in proliferative capacity with increasing replicative age when RPE340 cells were grown in 20% oxygen, and an accelerated inhibition of proliferation by 40% oxygen that resulted in a shortened replicative lifespan. An altered morphological phenotype and SABG activity at late PDL accompanied these changes when grown in 20% oxygen. Likewise, identical morphological changes, SABG activity, and loss of BrdU incorporation indicative of senescence, developed in RPE340 cells at an earlier PDL compared with when grown in 20% oxygen. The major characteristics of senescence include irreversible replicative exhaustion, typical enlarged and flattened cell morphology, critical shortening of chromosomal telomeres, and an altered gene expression phenotype. 16 17 Recently, Dumont et al demonstrated that WI38 cells treated daily with a low dose of tert-butylhydroperoxide (t-BHP) lost replicative potential and developed senescent biomarkers including SABG activity. 4 These results suggest that oxidative stress induces premature senescence. With mild hyperoxia treatment an accelerated shortening of mean telomere length, a major defining factor of replicative senescence, has been demonstrated in both RPE340 and WI38 cell lines. 3 14 Saretzki et al found a similar gene expression pattern between senescent and mild hyperoxic treated fibroblasts. 18 Our data showing SABG expression with 40% oxygen further support the hypothesis that mild hyperoxia induces premature senescence. The proportion of increased SABG positive cells and decreased BrdU positive cells in 40% oxygen was identical to cells grown in 20% oxygen, which indicates that the increase of SABG active cells in 40% oxygen reflects the decrease of replicative capacity of cells by oxidative stress. In conclusion, RPE340 and WI38 cells grown in mild hyperoxia exhibit SABG expression at earlier PDL than in ambient oxygen, which suggests the induction of premature senescence by oxidative stress. Since the RPE in vivo is exposed to high oxygen fluxes, the development of senescence by oxidative stress could play a part in ageing of the RPE and possibly age related macular degeneration.
